The highly specific connection patterns of the mature CNS are shaped through finely regulated processes of axon growth and retraction. To investigate the relative contribution of cell-autonomous mechanisms and extrinsic cues in these events, we examined the development of Purkinje axon intracortical plexus in the rat cerebellum. During the first postnatal week, several new processes sprout from focal swellings along the initial portion of the Purkinje neurite and spread in the granular layer. Intense structural plasticity occurs during the following week, with pruning of collateral branches and remodeling of terminal arbors. The mature distribution of the Purkinje infraganglionic plexus, confined within the most superficial portion of the granular layer, is attained at approximately postnatal day 15. A similar neuritic branching pattern is also developed by Purkinje cells grown in cultures of dissociated cerebellar cells or transplanted to extracerebellar CNS regions, suggesting that cell-autonomous mechanisms contribute to determining the Purkinje axon phenotype.
Introduction
The specific wiring of neural circuits is achieved through complex mechanisms of neuritic growth and retraction, leading to development of characteristic patterns of axon branching, distributed over precise target domains. Several lines of evidence show that branch formation is elicited and directed by extrinsic cues (O'Leary et al., 1990; Acebes and Ferrus, 2000; Kalil et al., 2000; Ö zdinler and Erzurumlu, 2002; Soussi-Yanicostas et al., 2002) . On the other hand, certain neurons develop characteristic neuritic patterns even when they grow into an unusual environment, suggesting that cell-autonomous mechanisms may be also relevant to determining the axon phenotype (Acklin and Nicholls, 1990; Canal et al., 1998; Bhide and Frost, 1999) . Similarly, although intrinsic changes of maturing neurons may contribute to the progressive decline of neuritic growth potential (Davies, 1994; Fawcett, 2001) , the structural remodeling that shapes mature connectivity is dependent on environmental signaling, including competitive interactions with other neurons (Goodman and Shatz, 1993; Lichtman and Colman, 2000) and growthinhibitory molecules issued by glial cells Huber and Schwab, 2000) . Among the latter, myelin-associated molecules, such as Nogo-A, contribute to channel-developing axons along their pathways (Schwab and Schnell, 1991; Colello and Schwab, 1994) to restrict structural plasticity at the end of development (Kapfhammer and Schwab, 1994a,b; Schwegler et al., 1995; Vanek et al., 1998) and to regulate neuritic branching in vitro (Shen et al., 1998) .
To investigate the relative contribution of intrinsic properties and environmental cues in the shaping of precise neuritic patterns, we examined the development of Purkinje axon collateral branches. Ramó n y Cajal (1911) reported that initially exuberant Purkinje intracortical plexus undergoes structural remodeling, leading to confinement of terminal branches within precise cortical domains (supraganglionic and infraganglionic plexus). This issue has been scantily investigated thereafter, and the mechanisms that regulate the growth and plasticity of Purkinje axon collaterals remain mostly unclear. The morphological maturation of intracortical plexus is disrupted after x-irradiation (Crepel et al., 1980) , and it is temporally related to cerebellar myelination (Reynolds and Wilkins, 1988; Kapfhammer and Schwab, 1994a; Huber et al., 2002) and to the decline of Purkinje axon regenerative potential (Gianola and Rossi, 2001) . Together with the axonal sprouting and activation of growth-associated genes induced by functional neutralization of Nogo-A in adult Purkinje cells (Zagrebelsky et al., 1998; Buffo et al., 2000) , these observations suggest that myelin-associated factors contribute to regulation of the developmental plasticity of Purkinje neurites. To test this hypothesis and to elucidate some of the mechanisms underlying the formation of the intracortical plexus, we examined the sprouting, growth, and pruning of Purkinje axon collaterals during postnatal development and investigated their interactions with oligodendrocytes. In addition, we asked whether the normal shaping of intracortical plexus can be achieved after oligodendrocyte removal or application of anti-Nogo-A antibodies. Our results indicate that Purkinje intracortical plexus develop according to stereotyped morphological patterns suggestive of the execution of an intrinsic growth program, but their typical distribution within precise cortical domains is disrupted when myelin development is prevented.
Parts of this paper have been published previously in abstract form .
Materials and Methods
Experimental animals. The experiments were performed on Wistar rats (Charles River, Calco, Italy). Fifty rat pups from five littermates, killed at different postnatal ages from postnatal day 0 (P0) to P15 (three or four individuals per time point), were used to study the development of Purkinje axon intracortical plexus and cerebellar myelination. Forty-five rats from five additional littermates were used for experiments in which normal myelinogenesis was disrupted (5Ј-azacytidine administration and anti-Nogo-A antibody injection), whereas two pregnant rats were used to prepare dissociated cultures of cerebellar cells. Finally, analysis of transplanted Purkinje cells was performed on material belonging to a previous study (Carletti et al., 2002) . All surgical procedures were performed under deep general anesthesia obtained by intraperitoneal administration of ketamine (100 mg/kg; Ketavet; Bayer, Leverkusen, Germany) supplemented by xylazine (5 mg/kg; Rompun; Bayer) or diazepam (2.5 mg/kg; Roche Molecular Biochemicals, Mannheim, Germany). In addition, rat pups (up to P8) were cryoanesthetized in melting ice. The experimental plan was designed according to National Institutes of Health guidelines and the Italian law for care and use of experimental animals (DL116/92) and approved by the Italian Ministry of Health and the Bioethical Committee of the University of Turin.
Disruption of cerebellar myelin development. To interfere with the development of cerebellar myelin, we used two different approaches. A first set of animals (n ϭ 22) underwent daily subcutaneous injections of 5Ј-azacytidine (5 g/gm of body weight, in saline) from P6 to P15. This modification of the method originally set up by Savio and Schwab (1989) (intraperitoneal injections from P0 to P15) was necessary to disrupt oligodendroglial development but to minimize effects on other proliferating cell populations (e.g., granule cell progenitors). Control rats (n ϭ 5) received daily subcutaneous injections of vehicle (saline solution) during the same postnatal period. All these animals were killed at P15.
In another set of animals (n ϭ 15), neutralizing antibodies against the myelin-associated neurite growth inhibitory protein Nogo-A were injected in the cerebellar parenchyma, as previously described (Zagrebelsky et al., 1998; Buffo et al., 2000) . Deeply anesthetized P10 rat pups were fixed to a stereotaxic apparatus, and the cerebellar vermis was exposed by removing small fragments of the occipital bone. A glass micropipette, connected to a PV800 Pneumatic Picopump (WPI, New Haven, CT), was inserted 0.5 mm deep into the cerebellar parenchyma (vermal lobules V-VII), and 1.5-2 l of 11C7 anti-Nogo-A antibodies (500 g/ml; kindly supplied by Novartis Pharma AG, Basel, Switzerland) was pressureinjected during 5-10 min. 11C7 is a monoclonal antibody directed against an 18-amino acid peptide of the Nogo-A-specific region, as previously described for the rabbit antiserum 472 (Chen et al., 2000) . Control age-matched rats (n ϭ 8) received similar injections of a mouse-antihuman IgG (heavy and light chain; Jackson ImmunoResearch, West Grove, PA). These animals were killed at P12 (three rats receiving antiNogo-A antibodies), P15 (eight rats injected with anti-Nogo-A and four with control antibodies), and P23 (four rats in either group).
Cultures of dissociated cerebellar cells. The preparation of dissociated cerebellar cell cultures was based on a protocol described by Hatten et al. (1998) . Timed pregnant embryonic day 17 (E17) rat dams were deeply anesthetized (as above). The embryos were removed by cesarean section, collected in ice-cold PBS with 0.6% glucose (PBG), and immediately decapitated. The cerebella were dissected and collected in PBG. After incubation with trypsin (1% in PBG; Sigma, St. Louis, MO) and DNase (0.1%; Sigma) for 5 min at 37°C, the tissue was mechanically dissociated to a single-cell suspension with fire-polished Pasteur pipettes in culture medium, supplemented with 10% horse serum. Culture medium was composed of Eagle's basal medium with Earles's salts (Invitrogen, Gaithersburg, MD) supplemented with glutamine (2 mM; Invitrogen), glucose (32 mM), and penicillin-streptomycin (20 U/ml; Invitrogen). The cell suspension was diluted and plated on poly-D-lysine-coated glass coverslips (12 mm diameter, 5 ϫ 10 4 cells per coverslip). After cells had attached (3-5 hr), the medium was changed into serum-free medium containing insulin (5 g/ml), selenite (5 ng/ml), transferrin (5 g/ml), and bovine serum albumin (10 mg/ml; all from Sigma). The cultures were maintained at 37°C in a humidified atmosphere with 5% CO 2 and fixed after 5, 17, or 20 d in vitro.
Transplanted Purkinje cells. To examine the axonal branching pattern of Purkinje cells grown in an unusual environment, we analyzed Purkinje cells heterotopically grafted to extracerebellar CNS regions. This material belonged to a previous study (Carletti et al., 2002) , in which E12 embryonic cerebellar cells, taken from transgenic mice overexpressing enhanced green fluorescent protein (EGFP) under the control of the ␤-actin promoter, were transplanted in utero to the cerebral ventricles of E16 rat embryos. The examined material included 100-m-thick vibratome sections from the brains of several recipient animals killed between P20 and P30 (for details, see Carletti et al., 2002) .
Histological procedures. The animals were deeply anesthetized and perfusion-fixed with 4% paraformaldehyde in 0.12 M phosphate buffer (200 -1000 ml depending on the age). The brains were removed, postfixed overnight in the same fixative at 4°C, and finally transferred to 30% sucrose in 0.12 M phosphate buffer at 4°C until they sank. The cerebella were cut using a freezing microtome in several series of 30-m-thick sagittal sections collected in Tris-buffered saline, pH 7.4.
One series of sections, used for morphometric analysis (see below), was first incubated in 0.3% H 2 O 2 in PBS to quench endogenous peroxidase. Then, the sections were incubated for 30 min at room temperature and overnight at 4°C with anti-calbindin D-28K (polyclonal, 1:3000; Swant, Bellinzona, Switzerland) diluted in PBS with 0.25% Triton X-100 added to 0.2% normal goat serum. Immunohistochemical staining was performed according to the avidin-biotin-peroxidase method (Vectastain ABC Elite kit; Vector Laboratories, Burlingame, CA) and revealed using 3,3Ј-diaminobenzidine (0.03% in Tris-HCl) as a chromogen. The reacted sections were finally mounted on gelatin-coated slides, air-dried, dehydrated, and coverslipped.
The other series of cerebellar sections was used for double immunofluorescence. They were first incubated overnight at 4°C with anticalbindin antibody (polyclonal, 1:1500, plus 0.2% normal goat serum in PBS and Triton X-100, as above) and revealed by 1 hr of incubation at room temperature in a goat anti-rabbit IgG conjugated to fluorescein isothiocyanate (1:200 in PBS and Triton X-100 with 0.2% normal goat serum; Sigma). The sections were rinsed and incubated overnight at 4°C with the second primary antibody to reveal several oligodendrocytic markers: anti-myelin basic protein (MBP, monoclonal, 1:2000; Sternberger Monoclonals, Baltimore, MD), anti-neuroglycan 2 (NG2, polyclonal, 1:200; Chemicon, Temecula, CA), anti-Nogo-A (antibody 11C7, 1:10000; kindly supplied by Novartis Pharma AG), and anti-2Ј,3Јcyclic nucleotide 3Ј phosphodiesterase (CNP, monoclonal, 1:500; Chemicon). These antibodies were diluted in PBS and Triton X-100 added to either normal horse serum or normal goat serum (0.2%) depending on the species of the secondary antibody. Finally, the sections were incubated for 1 hr in secondary biotinylated anti-mouse IgG or anti-rabbit IgG (1:200; Vector Laboratories) and then in streptavidin-Texas Red-X conjugate (1:200 in PBS and Triton X-100; Molecular Probes, Eugene, OR). After unbound Texas Red-X was washed off with PBS and Triton X-100, sections were coverslipped using a mixture of phosphate buffer, pH 7.2-7.4, and glycerol. Cerebellar cultures were fixed for 5-10 min in 4% paraformaldehyde in 0.12 M phosphate buffer and rinsed in PBS. They were immunostained for calbindin and revealed by peroxidase immunocytochemistry or immunofluorescence as described above.
Data analysis. The histological preparations were examined by means of a Zeiss (Oberkochen, Germany) Axiophot light microscope. Micrographs were taken by means of a Nikon (Mellville, NY) Coolpix 950 digital camera attached to the same microscope. The material was also examined with a Fluoview 300 confocal microscope (Olympus Optical, Hamburg, Germany). Digital images were processed with Adobe Photoshop 6.0 to adjust contrast and to assemble the final plates. Quantitative and morphometric evaluations were made using Neurolucida software (MicroBrightField Inc., Colchester, VT) connected to a Nikon E-800 microscope via a color CCD camera.
The morphometric evaluation of Purkinje axon collaterals during postnatal development was performed on calbindin-immunostained vermal sections of rat pups at different survival times between P6 and P15 (three or four animals per age). In these sections, at a high magnification with a 100ϫ immersion oil objective, we counted the number of collateral processes originating from Purkinje axons whose course could be followed from the cell body to the axial white matter (100 -150 axons were sampled at each age). The neurites were also subdivided according to their basoapical position along cerebellar lobules (see Fig. 3C ). Statistical evaluations on the changes of primary Purkinje collateral branches was performed by ANOVA.
The axons sampled from P8 and P15 cerebella (n ϭ 106 and 157, respectively) were reproduced by the Neurolucida software (MicroBrightField), and the position of branching points along the course was marked (Fig. 1, dotted arrow) . In addition, to determine the position of branching points relative to the granular layer depth, the thickness of the granular layer was estimated along a line perpendicular to the cerebellar surface, passing through the branch origin (Fig. 1, dashed arrow) . Because the thickness of the granular layer is not uniform along the cerebellar cortex, the position of branching point is represented in Figure 4 , A and B, relative to the normalized extension of the layer.
A similar analysis was performed on calbindin-immunolabeled Purkinje cells from dissociated cultures after 17-20 d in vitro. Only isolated Purkinje cells located at the periphery of the culture with no or minimal contact with other cells were examined. In this case, the whole axon was reproduced, including terminal arbors and collateral branches (n ϭ 109 from six cultures). The latter were identified according to the following criteria: (1) they were thinner than the parent neurite; (2) they spread at right angles from the axon shaft; and (3) they terminated in poorly extended terminal networks (see Fig. 4 D,E). All the other processes emanating from the axon shaft, fine filopodia Ͻ30 m long, were not considered.
Finally, we examined 73 transplanted Purkinje cells, located in different extracerebellar regions of the recipient brain, whose axon could be followed for Ͼ200 m through a single 100-m-thick vibratome section. The whole axon segment was reproduced, and branching points were marked. In all the different conditions, the values obtained from Purkinje axon-bearing collateral branches are illustrated in the graphs of Figure 4 , in which single neurites are plotted on the y-axis, and the position of branching points is reported on the x-axis. Statistical analysis was performed by Student's t test.
Morphometric analysis to quantify the structural changes of recurrent collateral plexus in 5Ј-azacytidine-and in Nogo-A-treated cerebella was performed following a previously established method (Buffo et al., 2000) . For each animal, three calbindin-immunolabeled vermal sections were selected and subdivided into "treated" and "control" regions. In 5Ј-azacytidine-injected animals (n ϭ 5), because of the nonsynchronous development of cerebellar cortex (see Results), myelination was particularly delayed at the later maturing apex of cortical lobules, whereas in basal regions, myelinogenesis appeared unaffected at the time of examination (see Fig. 7A ,B). Indeed, 5Ј-azacytidine treatment was only started at P6; it is likely that many oligodendrocyte precursors destined to basal lobule portions are already postmitotic at this age. Thus, in these animals, treated regions were the apical portions of lobules V-VII, whereas basal regions of the same lobules were taken as an internal control (the approximate positions of these areas are illustrated in Fig. 8 A) . The same regions were analyzed in the cerebella of age-matched (P15) vehicle-injected animals (n ϭ 5). The analysis was restricted to these lobules to sample axons from comparable regions in control and treated animals.
In the sections from cerebella receiving antibody injections, treated regions were the distal portions of dorsal vermal lobules (V-VII), located close to the injection site, whereas distal regions of ventral vermal lobules (I-III), distant from the injection site, were taken as the internal control (the approximate positions of these areas are illustrated in Fig. 8 B) (Buffo et al., 2000) . Antibody injections were made at P10, and the examined animals were killed at P15 (five animals injected with antiNogo-A antibodies and four rats receiving control antibody injections) or at P23 (four animals in each group).
Morphometric measurements of Purkinje axons were performed on three sagittal sections of the cerebellar vermis from each animal (Buffo et al., 2000) . In each section, we sampled one area in treated and one in control regions by superimposing a 155 ϫ 255 m square. On the whole, three treated and three control areas were sampled for each animal. The selected areas encompassed the whole granular layer depth and contained only minimal portions of the Purkinje cell layer or axial white matter. All the anti-calbindin-immunostained Purkinje axon segments present within such areas were reproduced using the Neurolucida software (MicroBrightField Inc.) with a 20ϫ objective, corresponding to 750ϫ magnification on the computer screen. Each labeled axon segment or branch was reproduced as a single profile. From these reproductions, the software calculated the number of axon profiles, the total length of all the reproduced segments, and the number of times that the axons crossed a 25 ϫ 25 m grid superimposed on the selected area. The data from the different areas in the three sections sampled from each cerebellum were averaged to obtain values for every individual animal (n ϭ 5 for 5Ј-azacytidine experiments and P15 anti-Nogo-A injected animals; n ϭ 4 for P23 anti-Nogo-A and P15 and P23 control antibody injections). These values were used to prepare the histograms of Figure 8 (where Figure 1 . Evaluation of the position of branching points along Purkinje axons. We examined Purkinje axons whose course from the Purkinje cell body to the white matter (wm) could be followed in a single section. The course of these axons through the granular layer (gl, shaded area) was reproduced (dotted arrow), and the position of the branch origin (black dot) was marked. In addition, to evaluate the position of branching points relative to the granular layer depth, the thickness of the granular layer was estimated along a line perpendicular to the cerebellar surface (dashed arrow), which passed through the branch origin. ml, Molecular layer. mean Ϯ SD is reported) and for statistical analysis performed by Student's t test.
Finally, to assess whether anti-Nogo-A antibodies induced oligodendrocyte death, we estimated the fraction of myelinated Purkinje axons in P15 rats treated with anti-Nogo-A antibodies (n ϭ 5) and control antibodies (n ϭ 4) and in a set of intact animals (n ϭ 4). From each case, we sampled 100 -120 Purkinje axon profiles in the axial white matter of vermal lobules V-VII in sections double-labeled for calbindin and MBP. For each axon, we determined whether it was associated with an MBPimmunostained oligodendroglial process. Neuritic profiles not covered or partially covered by MBP-labeled processes were classified as unmyelinated. Statistical analysis was performed by Student's t test.
Results

Growth and remodeling of Purkinje axon collateral branches
The formation of Purkinje axon intracortical plexus was investigated in calbindinimmunostained cerebella of rat pups during the first 2 postnatal weeks. The maturation of Purkinje cells and other cortical elements is not synchronous throughout the whole cerebellum but proceeds in a progressive manner along the mediolateral, caudorostral, and proximodistal axes (Inouye and Murakami, 1980; Bayer, 1985, 1997) . Consequently, although our observations were restricted to the vermal cortex, there was a clear time lag between the maturation of Purkinje neurons situated at the lobule apex and those located at the base in the depth of the fissures (see Fig. 3C ). For the sake of simplicity, in the following description, specific developmental stages are related to precise postnatal ages referring to Purkinje cells located in the medium region of cortical lobules (see Fig.  3C ), ontogenetic events being more advanced toward the base and delayed toward the apex.
Consistent with previous reports (Eisenman et al., 1991) , the corticofugal Purkinje cell projection was already established at birth, and strongly stained axons could be followed up to their terminal fields in the deep cerebellar nuclei. During early postnatal days (P0 -P4), Purkinje axons formed a dense network in the nascent internal granular layer (Fig. 2 A) , making it difficult to distinguish single neurites or branches. Thus, although the development of collateral branches may begin at a younger age, we decided to restrict our analysis from P5 onward when, because of the progressive expansion of the internal granular layer, it was possible to examine individual Purkinje axons.
At P5, thin Purkinje neurites originated from the basal perikaryal pole and ran across the granular layer. Along their intracortical segment, most of these axons displayed focal enlargements of different sizes and shapes, from moderate thickenings to large swellings (Fig. 2 B-E) . The latter often appeared to adhere to each other in clumps formed by different converging axons (Fig. 2 B) . The analysis of individual neurites, well separated from their neighbors, revealed that several new processes, including fine filopodia, short sprouts, and longer profiles with tiny growth cones, originated from the enlarged segments ( Fig.  2C-E) . Such an active sprouting of collateral branches was evident up to P8 -P10. The outgrowing processes, which appeared progressively more complex and ramified, spread throughout the granular layer (Fig. 2 F) , but in many instances, they were clearly oriented toward the overlying Purkinje cell layer (Fig. 2G) .
The terminal varicose chains of the infraganglionic plexus (the supraganglionic one, in the lower molecular layer, was obscured in our preparations by the staining of Purkinje cell dendrites) gradually developed during the following days. At the same time, however, Purkinje axons displayed novel morphological features, suggestive of a different developmental phase (Fig. 2 H-J ) . The C-E, Thickened or swollen segments (arrows) of individual Purkinje axons, from which numerous processes sprout (red arrowheads). Blue arrowheads indicate tiny growth cones at the tip of some of such newly formed processes. In F, a thick collateral branch (arrowheads) emanates from a focal enlargement (arrow) along the parent axon and spreads in the granular layer, giving off several second-order ramifications. The arrow in G indicates another collateral branch ending with a small growth cone (red arrowhead) in the vicinity of the Purkinje cell layer; two other ramifications, issued by the same corticofugal axon, are indicated by blue arrowheads. H, Thin collateral branch (arrow) ascending through the granular layer; a secondary ramification of this process ends with a large varicosity (red arrowhead). The blue arrowhead points to another process from the same intracortical plexus that ends with a small bouton. The thin branch shown in I (arrow) courses through the granular layer and terminates with some fine varicose chains (blue arrowheads) confined to the vicinity of the Purkinje cell layer; deeper in the granular layer, a shorter process belonging to the same plexus bears a terminal club (red arrowhead). Several presumptive pruning processes terminating with round clubs are indicated by arrows in J. Also note that the enlarged segments along the corticofugal neurites have disappeared, leaving small triangular varicosities (red arrowheads), whereas the fine terminal branches (some indicated by blue arrowheads) are confined to the most superficial portion of the granular layer. Anti-calbindin immunolabeling is shown in all panels. Postnatal ages are indicated on the micrographs. large axon swellings gradually disappeared, leaving tiny triangular-shaped varicosities situated at branching points ( Fig.  2J) (Gravel et al., 1986) . Collateral branches issued from corticofugal neurites were less frequent and appeared as thin ramified processes ascending through the granular layer. In addition, numerous Purkinje axon profiles, including both primary branches (Fig. 2 J) and second-and third-order ramifications in the deep granular layer (Fig. 2 H,I ), terminated with characteristic roundshaped boutons. Similar terminal clubs have been associated with axon-pruning phenomena (Acebes and Ferrus, 2000) , such as physiological remodeling at the neuromuscular junction (Riley, 1981; Bernstein and Lichtman, 1999) or axonal retraction after target loss in the adult (Rossi et al., 1993) . Hence, we interpreted these structural features of Purkinje axons as a morphological correlate of the withdrawal of supernumerary branches. The mature morphology of Purkinje axon collaterals was essentially achieved at the end of the second postnatal week, with sparse ascending branches and fine networks of varicose chains, strictly confined in the upper granular layer (Fig. 2 J) .
The progressive pruning of Purkinje intracortical plexus was confirmed by quantitative estimations of the number of firstorder ramifications issued by corticofugal neurites (Fig. 3A-C) . The mean number of branches (Fig. 3A) decreased from 2.48 Ϯ 0.21 (mean Ϯ SD) at P6 to 1.11 Ϯ 0.03 at P15 (ANOVA, f (4,15) ϭ 34.3; p Ͻ 0.001). The same trend was also observed when axons from different proximodistal positions along the cerebellar lobules were examined separately, although, as expected, the maturation process was more advanced in basal than in apical regions (Fig. 3C) . The frequency distribution of collateral branches shifted accordingly to lower values with increasing ages (Fig. 3B); at P15, 97.5% of Purkinje axons had two or fewer branches. Interestingly, at all ages we encountered a small but consistent fraction of Purkinje neurites (6.8% at P6 and 16.2% at P15) with no collateral branches, indicating that a subset of Purkinje cells in the adult cerebellum lacks recurrent intracortical plexus.
Cell-autonomous mechanisms in the development of Purkinje axon collateral branches
The origin of Purkinje collateral branches in vivo is related to the distance from the cell body but not to the position in the granular layer To investigate the cellular mechanisms underlying the interstitial sprouting of Purkinje axon collaterals, we first asked whether the branching site was related to the distance from the perikaryon or to the position in the granular layer. The latter instance would imply the intervention of local branch-promoting cues positioned in a specific region of the granular layer, whereas the former would be suggestive of an intrinsically programmed growth pattern. We sampled Purkinje axons, whose course from the cell body to the white matter could be followed in a single section, and determined the position of branching points in relation to the granular layer depth or the parent cell body (see Materials and Methods; Fig. 1 ). As shown in Figure 4 , A and B (referring to P8 and P15, respectively), branching points were uniformly distributed throughout the whole thickness of the granular layer, except for the upper 10% (just below the Purkinje cell layer), where no branching points occurred. When the distance from the cell body was considered (Fig. 4C,D) , all branching sites were localized within the first 150 -200 m of neuritic length. The mean distance was significantly shorter at P8 (66 Ϯ 3.16 m, mean Ϯ SD, 106 axons) than at P15 (103.6 Ϯ 12.4 m, 157 axons; Student's t test, p Ͻ 0.001), indicating that during this period, the position of branching points was progressively displaced.
The results of this analysis indicate that collateral branches originate from a restricted segment of the Purkinje axon. Nevertheless, they do not show that the position of branching point is dependent on the distance from the cell body. Indeed, the observed distance range fairly corresponds to the average thickness of the granular layer; hence, it could be also attributed to extrinsic cues distributed over the whole extension of the layer. To rule out this possibility, we sampled axons whose course through the granular layer (Fig. 1, dotted arrow) was longer than 200 m in cortical regions where the thickness of this layer (Fig. 1, dashed arrow) was Ͻ200 m. As shown in Figure 4 E, also for these axons, the position of branching points was never farther than 200 m from the cell body, even if the neurite segment coursing through the granular layer was 100 -200 m longer. The mean distance was 106.8 Ϯ 4.2 m (72 axons), close to the value obtained from the whole P15 sample (see above). Thus, collateral branches are issued from a specific region of the Purkinje axon (within 150 -200 m from the soma) irrespective of the location in the depth of the granular layer, suggesting that the position of branching points is determined by cell-autonomous mechanisms rather than extrinsic cues.
Branching pattern of Purkinje axons grown into unusual environments
To further corroborate this conclusion, we examined the branching pattern of Purkinje axons in two different conditions in which they developed in an unusual environment. We first investigated the pattern of axon growth of Purkinje cells dissociated at E17 and maintained in culture for several weeks. The analysis was restricted to isolated Purkinje cells at the periphery of the culture dish with no or minimal contact with other cells. At 5 d in vitro (Fig. 5A-C) , Purkinje cells displayed thick neurites that ended with prominent growth cones, sometimes breaking in two or three branches to form the terminal arbor. Most interestingly, however, many of such axons displayed large lamellipodialike swellings, situated well behind the leading growth cone. Numerous thin filopodia (Fig. 5A,B ) and a number of longer and thicker processes ending with small growth cones (Fig. 5C ) radiated from such enlargements. At 17-20 d in vitro (Fig. 5D-F ) , Purkinje axons displayed well developed terminal arbors, made of several long processes, originating from the bifurcation of the stem neurite. Lamellipodia-like swellings were no more visible along the axon, and in many cases (34 of 109 Purkinje cells), there were no ramifications along the neuritic segment proximal to the terminal arbor (Fig.  5F ). Nevertheless, the majority of Purkinje axons did show some clear-cut collateral branches, identified by a number of distinctive features: (1) they were thinner than the parent neurite; (2) they spread at right angles from the axon shaft; and (3) they terminated in poorly extended terminal networks (Fig. 5D,E) .
The origin of collateral branches was always within the first 150 m from the cell body (Fig. 4 F) . The mean distance, 61.5 Ϯ 12.7 m (mean Ϯ SD, 75 axons), was remarkably similar to that observed at P8 in vivo. Thus, Purkinje cells grown in vitro, with minimal contact with other cerebellar cells, develop a typical pattern of axon growth, similar to that seen in vivo, with a stem neurite bearing a large terminal field and a few collateral branches, issued along a well defined axon segment.
To further elucidate whether this peculiar axon phenotype can be expressed in other unusual environments, we examined the neurites of Purkinje cells taken from E12 embryonic mouse cerebella and heterotopically transplanted to E16 rat embryos in utero (Carletti et al., 2002) . In this condition, we analyzed Purkinje cells ectopically located in several extracerebellar regions, whose axons could be followed for at least 200 m through a single 100-m-thick vibratome section. Although 70% of the sampled Purkinje cells did not bear any ramification along the examined axon segment, in several instances we did observe typical recurrent collateral branches with morphological features similar to those observed in the cerebellum in vivo (Fig. 5G-I ) . Most of these branches also originated a few hundred micrometers from the soma, but in some cases they were more distant, up to 500 m (Fig. 4G) . Nevertheless, all the examined axons bore only one or two (occasionally three) collateral branches with typical morphological features (Fig. 5G-I ) . Altogether, these obser- vations indicate that the Purkinje axons develop according to a stereotyped pattern that is substantially maintained in a foreign environment.
Myelin formation in the cerebellar cortex and its relationship with the development of Purkinje cell collateral branches
To elucidate the role played by myelin-associated factors in the maturation of Purkinje cell intracortical plexus, we first examined the relationship between outgrowing collateral branches and oligodendrocytes during postnatal cerebellar development. In line with previous reports (Reynolds and Wilkins, 1988; Kapfhammer and Schwab, 1994a) , myelin formation, as visualized by anti-MBP staining, started at the end of the first postnatal week (P6) from the central white matter and progressed toward the periphery during the following days (Fig. 6 A-D) . Between P6 and P10, MBP-stained profiles gradually advanced along the axial white matter of cortical lobules (Fig.  6 A,B) . Labeled processes first appeared in the granular layer at P10-P12 (Fig. 6C) , and myelination in this layer was almost complete by P15 (Fig. 6 D) , although the density of labeled profiles increased further during the following days (data not shown). Purkinje axons are thus myelinated in a retrograde manner starting at ϳP6 from the corticofugal branch in the white matter, whereas the intracortical neuritic segments are covered by myelin sheaths after P10.
To investigate the interactions between Purkinje axons and oligodendrocytes during postnatal development, we performed additional double labeling for calbindin and the glial precursor marker NG2 (Dawson et al., 2000) or the myelinassociated neurite growth inhibitor Nogo-A (Chen et al., 2000) . As previously reported (Levine et al., 1993) , high numbers of NG2-positive cells, characterized by several branched processes, were already present in the granular layer during the first postnatal week. In many instances, such processes were in close relationship with Purkinje axons or outgrowing collateral branches (Fig. 6 E,F ) , suggesting that Purkinje neurites interact with presumptive immature oligodendrocytes during the phase of collateral branch sprouting and growth.
During the first postnatal week, Nogo-A antibodies did not stain oligodendrocytic processes, whereas Purkinje cell bodies and dendrites, but not axons, displayed clear labeling that gradually faded out during the following days (Fig.  6G,H ) . Faint Nogo-A labeling in the central white matter was first detected at P8 (Fig. 6 H) , but clearly stained oligodendrocyte cell bodies or processes became evident at P10 (Fig. 6 I) (Huber et al., 2002) . Thereafter, Nogo-A-positive cells and processes radiated into the granular layer twining around Purkinje axons (Fig.  6 J) . By P15, intensely labeled oligodendrocytes with several processes apposed to Purkinje neurites appeared throughout the granular layer (Fig. 6 K,L) . Thus, myelination of intracortical Purkinje axons and, most notably, expression of Nogo-A occur after P10, at the time when the bulk of neuritic pruning takes place.
Disruption of myelin formation interferes with the structural remodeling of Purkinje axon collateral branches
To assess whether myelination contributes to the structural remodeling of Purkinje cell intracortical plexus, we examined the morphology of recurrent collateral branches in experimental conditions in which normal myelin development was prevented. In a first series of experiments, we killed oligodendrocyte precursors by systemic administration of the antimitotic agent 5Ј-azacytidine between P6 and P15 (Savio and Schwab, 1989 ). Be- cause granule cell development could also be affected by this treatment, we injected 5Ј-azacytidine subcutaneously for a restricted period (see Materials and Methods) to interfere with myelin formation without disrupting the global maturation of the cerebellar cortex. Indeed, our treated cerebella did not show the typical alterations associated with granule cell loss, such as hyperfoliation, disorganization of the Purkinje cell monolayer, or abnormal Purkinje cell dendrites (Sotelo, 1990; Ji and Hawkes, 1996; Altman and Bayer, 1997) . Because of this mild treatment, however, myelin formation was only delayed, particularly at the apical regions of cortical lobules, where oligodendrocytic maturation occurs later (e.g., Fig.  6 A-D) . At P15, basal regions displayed a pattern of myelination similar to that seen in intact animals, and Purkinje axon collaterals were already confined to the upper granular layer (Fig. 7A) . In contrast, in the apical regions, MBP-or Nogo-A-positive profiles were sparse, and numerous calbindin-immunolabeled neurites covered the deep granular layer, with a clear reciprocal distribution between oligodendroglial profiles and axonal processes (Fig. 7B) . Quantitative analysis of Purkinje axon changes was performed by comparing a number of morphometric parameters measured in the basal and apical regions of vermal lobules V-VII from P15 5Ј-azacytidine-treated rats (n ϭ 5) and age-matched animals that received vehicle injections (n ϭ 5). As shown in Figure 8 A, no significant differences were observed in the basal lobule portions of treated and control animals, whereas in the apical regions there was a clear increase in the number of axonal profiles (Student's t test, p ϭ 0.016), total length ( p Ͻ 0.001), and density ( p Ͻ 0.001). Thus, in those cortical regions where myelin formation was effectively disrupted, the maturation of Purkinje intracortical plexus was strongly altered, and numerous processes remained in the deep granular layer.
To further elucidate the role of myelin-associated molecules in the developmental plasticity of Purkinje axons, we injected anti-Nogo-A antibodies or mouse anti-human IgGs as a control in the cerebellar parenchyma of P10 rats. At P15, oligodendroglial cell bodies and processes, which were already numerous in the granular layer of intact or control antibody-treated animals, were sparse in the cortical lobules neighboring anti-Nogo-A injection sites ( Fig. 7C-E) . The latter lobules were characterized by numerous calbindin-immunolabeled profiles distributed over the whole granular layer (Fig. 7C,D) , including those regions where some oligodendrocytes were present (Fig. 7E) . Quantitative analysis showed a significant increase of all morphometric parameters in cortical folia surrounding anti-Nogo-A injection sites compared with similar regions from cerebella treated with control antibodies (Fig. 8 B; number of axonal profiles, Student's t test, p Ͻ 0.001; total length, p ϭ 0.007; density, p ϭ 0.008). In contrast, no differences were found when regions distant from the injection sites were compared (Fig. 8 B) .
The reduced amount of oligodendrocytes in the granular layer of anti-Nogo-A-treated cerebella could suggest that the effect on Purkinje axons was attributable to glial cell loss rather than neutralization of Nogo-A. However, both in P15 animals and in three additional animals killed at P12, we found no evidence for myelin degeneration or axonal damage, except for a restricted region in the immediate vicinity of the cannula track. Furthermore, the fraction of myelinated Purkinje axons in the axial white matter of the lobules surrounding the injection site was equivalent in antiNogo-A-treated rats (90.5 Ϯ 2.4%, mean Ϯ SD; n ϭ 5), in those injected with control antibody (90.8 Ϯ 2.3%; n ϭ 4), and in age-matched unmanipulated rats (90.1 Ϯ 2.2%; n ϭ 4). Alto- gether, these observations indicate that application of Nogo-A antibodies induced, in addition to Nogo-A neutralization, a delay in myelin maturation rather than oligodendrocyte death.
Finally, to ask whether the modifications of the Purkinje axon pattern induced by anti-Nogo-A antibodies were reversible, we examined another set of animals that received antibody injections at P10 and were killed at P23. In these rats, terminal branches of Purkinje axons were confined to the upper portion of the granular layer, whereas the corticofugal neurites coursing through the granular layer were covered by MBP-stained oligodendroglial processes (Fig. 7F ) . In addition, anti-Nogo-A labeling displayed strongly stained oligodendrocyte cell bodies and processes twining around Purkinje neurites (Fig. 7G,H ) . Quantitative evaluation showed no significant differences with control animals for all the morphometric parameters (Fig. 8C) . Thus, the effects induced by a single application of anti-Nogo-A antibody made at P10 are transient, and the normal distribution pattern of myelin and Purkinje intracortical plexus is achieved within 2 weeks after injection.
Discussion
To investigate the mechanisms that regulate the shaping of specific neuritic patterns in the CNS, we examined the development of Purkinje intracortical plexus. Our results show that (1) collateral branches sprout from Purkinje axons during the first postnatal week and achieve their mature distribution after growth and pruning processes occurring during the following week; (2) the same basic ramification pattern is established by Purkinje cells grown in situ or in a foreign environment, suggesting that Purkinje axon growth is, at least in part, regulated by intrinsic mechanisms; and (3) the remodeling of Purkinje axons is concomitant with myelination, and experimental manipulations that prevent normal myelinogenesis produce an altered distribution of Purkinje axon collaterals. Thus, the mature pattern of Purkinje intracortical plexus results from complex interactions between cell-autonomous mechanisms and extrinsic cues, among which are oligodendrocyte molecules.
Development of Purkinje collateral branches: intrinsic mechanisms and extrinsic cues
After the description by Ramó n y Cajal (1911), who first observed the transient redundancy of collateral branches, the development of Purkinje intracortical plexus has never been thoroughly characterized. Here we show that collateral branches originate as interstitial ramifications during early postnatal life. We were not able to examine individual Purkinje axons earlier than P5, and it is likely that some processes sprout at younger ages. Nevertheless, the numerous outgrowing profiles observed between P5 and P8, together with the absence of terminal branches in the upper granular layer before P10, indicate that the bulk of collateral ramifications are born during the second half of the first postnatal week.
Several reports indicate that branch sprouting is elicited by diffusible chemotropic signals, which also direct the navigation of newly formed processes (O'Leary et al., 1990; Acebes and Ferrus, 2000; Kalil et al., 2000; Ö zdinler and Erzurumlu, 2002; SoussiYanicostas et al., 2002) . Nevertheless, certain neurons maintain typical neuritic patterns even in foreign territories (Acklin and Nicholls, 1990; Canal et al., 1998; Bhide and Frost, 1999) , suggesting that the axon phenotype can be also regulated by cellautonomous mechanisms. The origin of Purkinje collateral branches in vivo is related to the distance from the cell body but not to the position in the granular layer. In addition, collateral branches with typical morphological features are developed both in dissociated cultures and after transplantation to extracerebellar CNS regions. The position of branching points is remarkably similar at P8 in vivo and in Purkinje cells grown in vitro, suggesting that this distance is encoded by an intrinsic growth program. On the other hand, the longer distances observed at P15 in vivo or after transplantation may be attributed to ensuing interstitial elongation of the Purkinje stem neurite, needed to compensate for the growth of the surrounding tissue.
Analysis of sensorimotor cortical neurons in vitro shows that advancing growth cones demarcate specific sites along the axon, characterized by lamellipodia-like swellings, from which delayed interstitial branching occurs (Szebenyi et al., 1998) . Similar phenomena may also happen in Purkinje cells: both in vivo and in vitro, new processes sprout from focal swellings located along the corticofugal axon, indicating that collateral branches originate from precise neuritic segments specifically primed for this task. Interestingly, sprouting phenomena along the same neuritic region occur when anti-Nogo-A antibodies are applied to the adult cerebellum (Buffo et al., 2000) , after axotomy in growth-associated protein-43-overexpressing mice (Buffo et al., 1997) , and after inhibition of PKC in organotypic cultures (Ghoumari et al., 2002) .
Although the typical Purkinje axon branching pattern can be established by Purkinje cells grown in vitro, it is unlikely that the development of Purkinje axons is exclusively determined by cellautonomous mechanisms. Many outgrowing processes in the granular layer in vivo are oriented toward the Purkinje cell layer, suggesting that they are subjected to attractive influences. Furthermore, the progressive withdrawal of collateral branches that occurs between P6 and P15 and the fact that many Purkinje axons lack such branches indicate that the formation and maintenance of recurrent ramifications require extrinsic support. Thus, our observations suggest that environmental cues elicit and sustain the growth of collateral ramifications, which sprout from intrinsically primed axon segments.
Role of myelin in the structural remodeling of Purkinje intracortical plexus
Structural remodeling of developing terminal arbors is generally related to the refinement of connectivity driven by patterned positional cues or activity-and experience-dependent mechanisms (Goodman and Shatz, 1993) . Concerning Purkinje axon collaterals, the abnormally extended arborizations observed in the cerebellum of x-irradiated rats have been attributed to the loss of granule cells, which are required for the plasticity of climbing fibers during the same developmental period (Crepel et al., 1980) . Nevertheless, x-irradiation during postnatal development affects different cell types, including oligodendrocytes (Kapfhammer and Schwab, 1994b) . We show here that after 5Ј-azacytidine treatment, which should touch proliferating cells similarly to x-rays, altered intracortical arbors are confined within myelindevoid regions. In addition, similar neuritic changes are induced by anti-Nogo-A antibodies. Hence, although functional interactions with neighboring neurons or topographic cues (Hawkes and Leclerc, 1989) are likely important during Purkinje axon remodeling, our experiments indicate that oligodendrocytederived factors also contribute to shaping of intracortical arbors.
A direct action of anti-Nogo-A antibodies on Purkinje cells is possible but unlikely because of the very low level of protein expression in Purkinje axons and the strict similarity with 5Ј-azacytidine-induced changes. On the other hand, the reduced amount of oligodendrocytes in the granular layer of anti-Nogo-A-treated cerebella could suggest that these cells were killed by the antibody. Although this cannot be completely excluded, the lack of morphological evidence for myelin degeneration, together A, Different morphometric parameters evaluated in selected areas from basal and apical regions of cerebellar lobules from 5Ј-azacytidine-treated animals (solid bars, mean Ϯ SD; n ϭ 5) and vehicle-injected control animals (hatched bars, mean Ϯ SD; n ϭ 5; the diagram shows the approximate position of the examined areas). All parameters are significantly increased in the apical regions, whereas no differences occur when basal regions are compared. B, Similar analysis performed on anti-Nogo-A-treated rats (solid bars, mean Ϯ SD; n ϭ 5) or control antibody-treated rats (hatched bars, mean Ϯ SD; n ϭ 4) killed at P15 (5 d after antibody injection). In this case, comparisons were made between areas from lobules near the injection site (inj) and areas from distant lobules (dis) in the ventral cerebellum. The diagram shows the approximate position of the examined areas and of the injection site, indicated by the star. A significant increase of all morphometric parameters occurs in the vicinity of anti-Nogo-A application site, whereas no differences occur in the distant regions. C, Results of the same analysis performed on animals killed at P23 (13 d after antibody injections). There are no significant differences between anti-Nogo-A (solid bars, mean Ϯ SD; n ϭ 4) and control antibody treated animals (hatched bars, mean Ϯ SD; n ϭ 4), indicating that the effect of anti-Nogo-A antibodies are transitory. Asterisks indicate values that are significantly different from the relevant control (see Results).
